We have isolated a cDNA for a cytochrome P450, cinnamate 4-hydroxylase (C4H), of Arabidopsis tha/iana using a C4H cDNA from mung bean as a hybridization probe. The deduced amino acid sequence is 84.7% identical to that of mung bean C4H and therefore was designated CYP73A5. The CYP73A5 protein was expressed in insect cells using the baculovirus expression system and when reconstituted with lipid and NADPH-cytochrome P450 reductase resulted in C4H activity with a specific activity of 68 nmol min-' nmol-' P450. Southern blot analysis revealed that CYP73A5 is a single-copy gene in Arabidopsis. C4H (CYP73A5) expression was apparently coordinated in Arabidopsis with both PALl and 4CL in response to light and wounding. Although the light induction of CHS followed a time course similar to that observed with C4H, no induction of CHS was detected upon wounding. On the other hand, the C4H expression patterns exhibited no significant coordination with those of PALZ and PAL3. A C4H promoter region of 907 bp contained all of the three cis-acting elements (boxes P, A, and L) conserved among the PAL and 4CL genes so far reported as controlling expression.
C4H is one of the most abundant P450s in plants (Potts et al., 1974) and catalyzes the p-hydroxylation of transcinnamic acid to produce p-coumaric acid, which is the second step of the core reactions ( Fig. 1 ) of the general phenylpropanoid pathway (Russel, 1971; Hahlbrock and Scheel, 1989) . The phenylpropanoid pathway provides a variety of secondary metabolites that are involved in differentiation and the protection of plant tissues against environmental stresses (Hahlbrock and Scheel, 1989) .
The genes involved in the phenylpropanoid pathway ( Fig. 1) have been isolated and characterized in severa1 plant species (Mo1 et al., 1988; Hahlbrock and Scheel, 1989; Dixon and Harrison, 1990; Dangl, 1992; Dixon and Paiva, 1995) . Specifically, it has been known that PAL and 4CL are coordinately expressed during development and in response to biotic and abiotic stresses such as pathogen infection (Lawton and Lamb, 1987) , wounding (Lois and Hahlbrock, 1992) , and UV irradiation (Chappell and Hahlbrock, 1984; Douglas et al., 1987) . In vivo footprinting studies have led to the identification of three sequence motifs (boxes P, A, and L) in the promoter regions of parsley P A L l and 4CL genes for responding to UV irradiation and elicitor treatment (Lois et al., 1989) . These se-quence motifs have also been found in most of the known PAL and 4CL gene promoters (Logemann et al., 1995) . It is likely that the levels of PAL and 4CL are regulated to meet the cellular requirements for phenylpropanoid-derived secondary metabolites (Dixon and Paiva, 1995) . However, it is still unknown how C4H expression is regulated in concert with other genes of the phenylpropanoid pathway.
Recently, we purified C4H (Mizutani et al., 1993a ) and isolated a C4H-encoding cDNA from mung bean seedlings (Mizutani et al., 199313) . C4H-encoding cDNAs have also been isolated from artichoke (Teutsch et al., 1993) and alfalfa (Fahrendorf and Dixon, 1993) . In this paper, we describe the isolation of the C4H cDNA from Arabidopsis tkaliana and characterization of its expression patterns in response to wounding and light. RNA gel-blot analysis indicated that C4H was expressed coordinately with other enzymes of the phenylpropanoid pathway, P A L l and 4CL, implicating a common transcriptional activation mechanism for these genes. Sequence analysis of a genomic clone containing the 5' promoter region of the C4H gene revealed that the cis-elements (boxes I ' , A, and L) involved in the regulated expression of PAL and 4CL genes (Logemann et al., 1995) also exist in the C4H promoter.
MATERIALS AND METHODS

Plant Materials and Treatments
Arabidopsis tkaliana ecotype Columbia (Lehle Seeds, Tucson, AZ) seedlings were grown under sterile conditions on 0.8% agarose plates containing growth medium (Valvekens et al., 1988) in a growth chamber maintained at 22°C under continuous light or a light/dark (9/15 h) cycle.
For wounding treatment, leaves were harvested from 3-week-old plants grown under continuous light, cut into 2-mm-wide pieces, and incubated for 1 to 9 h under continuous light in a Petri dish containing growth medium and 0.005% ( w / v ) chloramphenicol. For the O-h point, sliced leaves were frozen immediately without further incubation under continuous light. Total RNA was prepared from 7-d-old seedlings by phenol/ chloroform extraction, followed by lithium chloride precipitation as described by Lagrimini et al. (1987) , and poly(A)+ RNA was isolated from the total RNA using a poly(A)' Quick mRNA isolation kit (Stratagene). A cDNA library was constructed from the poly(A)+ RNA in a bacteriophage vector AZAPII (Stratagene) using a Uni-ZAP XR Gigapack I1 Gold cloning kit (Stratagene) according to the manufacturer's instruction.
The cDNA encoding mung bean C4H (Mizutani et al., 1993b) was labeled with [32P]dCTP by the random priming labeling method (Feinberg and Vogelstein, 1983) . A total of 600,000 phages from the Arabidopsis cDNA library were plated and duplicate lifts were prepared on nylon filters (DuPont). The filters were hybridized and washed under low-stringency conditions: hybridization, 16 h at 45°C in a hybridization buffer containing 1% BSA, 7% SDS, 50 mM sodium phosphate (pH 7.5), and 1 mM EDTA; wash, 10 min in 6 x SSC supplemented with 0.1% SDS at room temperature and 20 min in 2 x SSC with 0.1% SDS at 37°C.
Twenty-six positive signals were identified by autoradiography, and the positive plaques were isolated by an additional round of screening. Bluescript SK-phagemids were isolated by in vivo excision with an R408 helper phage (Stratagene). Since partia1 DNA sequencing of the positive clones indicated that the DNA inserts of different lengths were derived from a transcript of a single P450-encoding gene, the DNA sequence of the longest insert (DDBJ accession no. D78596) was completely determined. According to the criteria of the Cyt P450 nomenclature committee (Nelson et al., 1993) , the P450 was designated CYP73A5.
Genomic DNA clones were isolated by using a 315-bp EcoRI/BarnHI fragment from the N-terminal region of the CYP73A.5 cDNA as a probe. A total of 50,000 plaques from a AEMBL3 SP6/T7 genomic library of A. tkaliana ecotype Columbia (Clontech, Palo Alto, CA) were screened under high-stringency conditions: hybridization, 16 h at 65°C in the same hybridization buffer as described above; wash, 10 Vizutani et al.
Plant Physiol. Vol. 11 3, 1 9 9 7 min in 2 X SSC with 0.1% SDS at room temperature and 30 min in 0.1 X SSC containing 0.1% SDS at 65°C. Six positive plaques were isolated through two additional rounds of screening. Restriction mapping analysis indicated that the cloned inserts were all identical except for the different lengths of the 5'-or 3'-noncoding region. One of the positive clones contained the longest insert of 6 kb, including a part of the CYP73A5 gene, and a 1.2-kb BnmHI/XkoI fragment from the insert was subcloned into a Bluescript SK-plasmid. The DNA sequence of the fragment (DDBJ accession no. D78597) was completely determined.
Heterologous Expression in lnsect Cells
The CYP73A5 protein was expressed using the baculovirus expression vector system, according to the method described previously (Summers and Smith, 1987) , using a baculovirus transfer vector pVL1392 (Invitrogen, San Diego, CA), Sf21 cells (Invitrogen), and an infectious BacuIoGold Baculovirus DNA (Pharmingen, San Diego, CA).
Sf21 cells were maintained at 27°C as a monolayer culture in Grace's medium supplemented with 0.33% TC yeastolate (Difco, Detroit, MI), 0.33% lactoalbumin, 10% fetal bovine serum, 50 pg/mL gentamycin sulfate, 200 p~ 5-aminolevulinic acid, and 200 p~ ferrous citrate. The expressed CYP73A5 protein was partially purified from the infected Sf21 cells. Briefly, the infected cells were sonicated and centrifuged at 100,OOOg for 1 h. The pellet was homogenized with buffer A containing 20 mM potassium phosphate (pH 7.25), 20% glycerol, and 1 mM DTT, and proteins were solubilized in buffer A supplemented with 1% Emulgen 913 (Kao Atlas, Tokyo, Japan) (buffer B). After the sample was centrifuged at 100,OOOg for 1 h, the supernatant was applied to a DEAE-Sepharose column (5 X 10 cm) equilibrated with buffer B. The passthrough fraction from the DEAE-Sepharose column was applied to a hydroxyapatite column (2 x 5 cm) equilibrated with buffer B. The column was washed with buffer A until the absorption at 280 nm derived from Emulgen 913 disappeared from thc eluted buffer. After the detergent was removed, the protein was eluted from the column with 0.3 M potassium phosphate buffer containing 20% glycerol and 1 mM DTT. P450 was monitored during the chromatography from the A,,, derived from a Soret absorption peak of the oxidized form of the P450. C4H activity was reconstituted as described previously (Mizutani et al., 1993a) . Briefly, 5 nM purified recombinant CYP73A5 protein was mixed in a reaction mixture containing 50 mM potassium phosphate buffer (pH 7.2), 0.1 unit / mL NADPH-Cyt P450 reductase purified from mung bean seedlings (Mizutani et al., 1993a) , 0.001% ( w / v ) sodium cholate, 10 mg / mL dilauroylphosphatidylcholine (Funakoshi, Tokyo, Japan), 0.4 mM tuans-cinnamic acid, and 0.1 mM NADPH. The reaction was started by adding NADPH. y-Coumaric acid formation was determined by HPLC according to the method described previously (Mizutani et al., 1993a) . Cyt P450 was estimated from the CO difference spectrum (Omura and Sato, 1964) .
DNA Preparation and DNA Blot Analysis
Genomic DNA was isolated from the shoots of 3-weekold Arabidopsis seedlings and purified by ethidium bromide-CsC1 density gradient centrifugation as described by Ausubel et al. (1987) . For Southern blot analysis, genomic DNA was digested with the indicated restriction enzymes, separated by 0.7% agarose gel electrophoresis, and transferred to a nylon membrane. The membrane was hybridized with the full-length CYP73A5 cDNA as a probe and washed under high-stringency conditions as described above.
RNA Preparation and RNA Blot Analysis
Total RNA was isolated by phenol/chloroform extraction followed by lithium chloride precipitation as described by Lagrimini et al. (1987) . Samples of total RNA (5 pg) were separated by 1.2% formaldehyde-agarose gel electrophoresis and blotted onto a nylon membrane. The full-length CYP73A5 cDNA or the gene-specific probes described below were used for hybridization. Hybridization and washing were carried out under the high-stringency conditions described above. The intensity of the hybridization signals was quantified using a BAS2000 imaging analyzer (Fuji Film, Tokyo, Japan). The hybridized DNA probes were stripped from the membranes by boiling in a buffer containing 0.01 X SSC and 0.01% SDS for 20 min, and blots were re-hybridized to an Actin-1-encoding gene probe (Nairn et al., 1988) for normalization.
Specific probes for the PALZ, PAL2, PAL3 (Wanner et al., 1995) , 4CL (Lee et al., 1995) , and CHS (Feinbaum and Ausubel, 1988 ) genes were prepared from Arabidopsis genomic DNA by PCR. Five sets of primers were designed from the specific regions of the genes: PALZ, CATGCGCTTGAACTTCTCCTTGAGGTCGGT-3'. Each of the amplified PCR products was cloned into a pCRII vector using a TA cloning kit (Invitrogen). DNA sequences of the PCR products were determined to be identical to those of the corresponding genes.
GGATCCTCCGCGTTGATCACCATGTTCTTT-3';
PAL2,
5'-GGAGATGTTTTGGAAGATGTAGTCGTGGAG-3'; CHS,
D N A Sequencing and Analysis
DNA sequencing was performed using a DyeDeoxy Terminator Cycle Sequencing kit (Applied Biosystems) and an automated DNA sequencer (Applied Biosystems 373A). Sequence analysis was performed using the software DNA-SIS, version 3.5 (Hitachi Software Engineering America, San Bruno, CA). The nucleotide sequence data of PALZ (L33677), PAL2 (L33678), PAL3 (L33679) (Wanner et al., 1995) , and 4CL (U18675) (Lee et al., 1995) of A. thaliana were retrieved from the EMBL, GenBank, and DDBJ nucleotide sequence databases using the corresponding accession numbers shown in parentheses.
RESULTS lsolation and Characterization of CYf73A5 cDNA
A cDNA clone was isolated from an Arabidopsis cDNA library, using the C4H-encoding cDNA from mung bean (Mizutani et al., 199313) as a probe. The insert of the clone consists of a 1515-bp open reading frame, a 56-bp 5'-untranslated region, a 140-bp 3'-noncoding region, and a poly(A) tail (not shown). The primary structure that was deduced from the cDNA sequence shows general properties of microsomal P450s from different organisms, including higher plants (Fig. 2) . Thus, it contains a 30-amino-acidlong hydrophobic stretch at the N terminus, which is a signal-anchor sequence to retain P450s on the cytoplasmic surface of the ER membrane (Nelson and Strobel, 1988) .
The N-terminal signal-anchor sequence is followed by a Pro-rich region, which is thought to be involved as an a-helix breaker in the process of the correct folding of microsomal P450s and is also important in heme incorpo- (10 pmol of P450) through a two-step column chromatography using DEAE-Sepharose and hydroxylapatite, which yielded 40 nmol of the CYP73A5 from the microsomal fraction containing 160 nmol of total P450s. P450 was determined from the reduced CO-difference spectrum.
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ration into the P450s (Yamazaki et al., 1993) . Furthermore, the predicted protein contained a sequence (F-G/S-X-G-X-R/H-X-C-X-G/A/D, underlined in Fig. 2 ) that has been known to be highly conserved in all of the P450s sequenced to date (HR2 or heme-binding region; Gotoh and FujiiKuriyama, 1989) . The amino acid sequence of the P450 protein was 84.7, 85.5, and 83.2% identical to those of the C4Hs from mung bean (Mizutani et al., 1993b) , artichoke (Teusch et al., 1993) , and alfalfa (Fahrendorf and Dixon, 1993) , respectively (Fig. 2) . No P450 subfamilies other than the CYP73-derived protein exhibited an identity greater than 40%. According to the criteria of the Cyt P450 nomenclature committee (Nelson et al., 1993) , the clone was designated CYP73A5.
Heterologous Expression of CYP73A5 in Insect Cells
Although the deduced protein structure of CYP73A5 is 84.7% identical to that of mung bean C4H (Fig. 2) , a single amino acid substitution could change the substrate specificity of P450s belonging to the same gene subfamily (Lindberg and Negishi, 1989; Johnson, 1992) . In other words, it is possible that CYP73A5 could encode a P450 with an activity that is different from the p-hydroxylation of transcinnamate. Therefore, expression of the CYP73A5 gene in insect cells using the baculovirus expression system and characterization of the CYP73A5 protein was necessary. On SDS-PAGE analysis, a new intense band of 58 kD appeared in the microsomal fraction of the recombinant virusinfected cells (Fig. 3, lane 2) . This protein band was not found in the mock-infected cells (Fig. 3, lane 1) . The molecular mass of 58 kD for this protein (57.7 kD) is consistent with that calculated from the CYP73A5 primary structure. Figure 4 shows the absolute absorption spectra of the recombinant CYP73A5 protein. The oxidized form exhibited a Soret absorption peak at approximately 420 nm, and the reduced CO complex showed a Soret absorption maximum at 450 nm. The addition of a putative substrate, fratts-cinnamic acid, to the oxidized form caused the shift of the absorption peak from 420 to 390 nm. This result indicated that frfltts-cinnamic acid bound to the CYP73A5 protein as the substrate, thereby modifying the heme electronic state from the low-spin to the high-spin (Ruckpaul et al., 1989) . Other potential substrates for plant P450s such as laurate, nerol, geraniol, and ferulate did not cause the spectral shift that was observed with frans-cinnamic acid.
C4H activity was reconstituted with the CYP73A5 protein, NADPH-P450 reductase from mung bean seedlings, dilauroylphosphatidylcholine, and fraHs-cinnamic acid as described previously (Mizutani et al., 1993a) . In the reconstituted system, the CYP73A5 protein catalyzed the hydroxylation of frans-cinnamic acid to produce p-coumaric acid. Formation of p-coumaric acid was dependent on both the amount of the CYP73A5 protein and the reaction time. Other reaction products were not detected under the experimental condition. The reconstituted activity (68 nmol min" 1 nmol" 1 P450) was higher than that of the C4H protein purified from mung bean seedlings (38 nmol min" 1 nmol" 1 P450; Mizutani et al., 1993a) . These results clearly indicate that the CYP73A5 gene encodes the C4H of Arabidopsis.
Genomic Southern Blot Analysis
Southern blot analysis was performed to estimate the number of the CYP73A5 genes in the Arabidopsis genome The PALS transcript level gradually increased and reached a maximum level in 9 h under the light and rapidly decreased within 3 h in the dark. CHS transcription was induced 6-fold in the light and gradually decreased in the dark. Figure 8 shows effects of wounding on the expression of these genes. CYP73A5 (C4H), PALI, and 4C1 were significantly induced within 1 h of wounding. The expression levels of these genes reached a maximum level within 2 h of the treatment and then decreased. The PAL2 mRNA level was also slightly increased, whereas the PALS and CHS mRNA levels were decreased by the wounding treatment.
Isolation and Characterization of Genomic DNA Clone
An Arabidopsis genomic library was screened using the full-length CYP73A5 (C4H) cDNA as a probe, yielding a clone consisting of a 291-bp coding region and a 907-bp promoter region of the CYP73A5 (C4H) gene. The DNA sequence of the coding region was in complete agreement with that of the CYP73A5 (C4H) cDNA (Fig. 9) . A putative TATA box was located at 118 bp upstream from the ATG translation initiation site (Fig. 9, boxed) . (Fig. 5) . Genomic DNA was digested with three restriction enzymes, Bg/II, EcoRI, and Hmdlll, which do not cut within the CYP73A5 cDNA, and the full-length CYP73A5 cDNA was used as a probe. A single hybridization signal was observed in each digestion, and the identical hybridization pattern was obtained under low-stringency conditions (data not shown). These results indicated that CYP73A5 exists as a single-copy gene in the Arabidopsis genome.
Expression Patterns in Arabidopsis
Since it was shown that CYP73A5 actually encoded the C4H of Arabidopsis, we compared its expression pattern with those of the genes involved in the phenylpropanoid pathway (Fig. 1) by RNA gel-blot analysis (Figs. 6-8 ). The CYP73A5 (C4H) expression level was highest in inflorescence stems and was significantly higher in roots and siliques than in leaves and flowers. Expression patterns of PALI, PALI, and 4CL were essentially the same as that of CYP73A5 (C4H). In contrast, the PAL3 transcript could not be detected in roots, and CHS was most strongly expressed in flowers.
Expression of these genes was also studied under the light/dark (9/15 h) cycle (Fig. 7) . The levels of the CYP73A5 (C4H), PALI, and 4CL transcripts transiently increased about 3-fold within 1 h of the onset of the light period and decreased continually to a basal level. The amount of PAL2 mRNA was slightly increased in the light. 
4CL
In the parsley PAL gene, three sequence motifs (box P, YTYYMMCMAMCMMC; box A, CCGTCC; and box L, YCYYACCWACC) have been identified by in vivo footprinting as c/s-acting regulatory elements (Lois et al., 1989) . Logemann et al. (1995) reported that these sequence motifs are conserved among the genes involved in the core reactions of the phenylpropanoid pathway of several plant species including Arabidopsis. To gain an insight into the apparently coordinated expression of the genes of the phenylpropanoid pathway (Figs. 6-8) , we compared the 5'-franking region of the CYP73A5 (C4H) gene with those of the PAL genes (Wanner et al., 1995) in Arabidopsis.
Homology analysis was performed in the TATAproximal promoter region of the CYP73A5 (C4H) gene of Arabidopsis (-1 to -400, relative to the translation initiation codon, ATC), and it was found that there are four sequences homologous to box P, three box A-like sequences, and two sequences similar to box L ( Fig. 9 , underlined; Table I , Logemann et al., 1995) . The PALI gene, which was expressed in a manner similar to that of CYP73A5 , also contains these three sequence motifs (Logemann et al., 1995) . However, on the other hand, box A consensus sequences could not be found in the PAL2 promoter region (Table I ). There are no sequence motifs homologous to box P and L, at least in the promoter region of the PAL3 gene, in which expression patterns were different from those of PALI and CYP73A5 (C4H). However, it has been reported that the Arabidopsis Figure 8 . Induction of the PAL1, PAL2, PAL3, CYP73A5 (C4H), 4CL, and CHS genes in response to wounding. Leaves were harvested from 3-week-old plants grown under continuous light. The harvested samples were cut into 2-mm-wide pieces and incubated for 1 to 9 h under continuous light in a Petri dish containing growth medium. A, Total RNA was isolated at the times indicated after wounding and analyzed by RNA gel blotting (5 /j,g per lane) using the probes indicated. B, Relative mRNA levels of C4H (O), PALI (•), PAL2 (D), PAL3 (•) , and 4CL (A). Intensity of the hybridization signals was quantified using an imaging analyzer and was normalized relative to Actin-1 (Nairn et al., 1988) expression. The CHS expression was not shown because the level was too low to detect. PAL3 gene contained two box 1 (box L) sequences (one in the promoter and the other in the second intron) and a box 2 (box P) sequence (Wanner et al., 1995) . Also, there is no AC-rich sequence (box 3, AACCAACAA) in the CYP73A5 promoter region, which has been suggested as an elicitorinducible hypersensitive site in bean CHSZ5 gene (Ohl et al., 1990) .
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DI SCUSSION
We have demonstrated that C4H is encoded by a singlecopy gene, CYP73A5, in Arabidopsis and have examined the CYP73A5 expression pattern in comaprison to other genes coding for enzymes of the phenylpropanoid pathway. It has been reported that biosynthesis of phenylpropanoid-derived natural products is controlled through the modulation of PAL activities, which is achieved in part at the leve1 of transcription (Chappel and Hahlbrock, 1984; Lawton and Lamb, 1987) . It is also well known that the 4CL gene activation is coordinated with certain members of the PAL gene family, whereas only a limited amount of information has been available with respect to C4H-encoding genes.
In Arabidopsis, expression patterns of CYP73A5 (C4H), PALZ, and 4CL were similar in different tissues, and induction of these genes followed the same time course after the onset of the light period or the wounding treatment, implicating a common mechanism for their transcriptional activation. Logemann et al. (1995) recently reported that C4H expression in parsley was in concert with the expression of PALZ 12, PAL3, and both 4CLs. They found three cis-acting elements (boxes P, A, and L) in most of the PAL and 4CL genes so far reported and suggested that these elements might be involved in coordinating C4H gene expression with regulation of the PAL and 4CL genes. A similar observation is true in Arabidopsis as well. Specifically, these three cis-acting elements were not only found in the P A L and 4CL genes but also in the Arabidopsis C4H gene (Table I) . This is consistent with the finding in Arabidopsis that C4H expression was coordinated with PAL and 4CL in response to wounding and light (Figs. 7 and 8 ). It has been reported that the activation of the genes of flavonoid biosynthesis involve the Myb and Myc classes of transcription factors, which bind to the core consensus sequence found in boxes P and L (Douglas, 1996) . CHS expression was not dramatically induced by wounding, whereas the genes involved in the core reactions, PALZ, C4H, and 4CL, were. Although CHS activity is linked to the core reactions of the general phenylpropanoid pathway (Fig. l) , it is possible that the induction of PAL, C4H, and 4CL by wounding does not need to be accompanied by C H S expression, which is the first committed step of flavonoid biosynthesis. Similarly, it is possible that the multiple expression patterns of each of the PAL isoforms may be explained by the different demands in different Logemann et al. (1995) , and Y, M, and W indicate C/T, N C , and AD, respectively. tissues and conditions for precursors of metabolic pathways branched at truns-cinnamic acid, e.g. salicylate (Yalpani et al., 1993; Mauch-Mani and Slusarenko, 1996) and coumarin biosynthesis (Hamerski et al., 1990) . In other words, not all PAL isozymes may be physiologically linked to C4H, although a11 of these isoforms are apparently indistinguishable based on their enzyme-kinetic properties (Appert et al., 1994) . In this report, we showed that PAL, C4H, and 4CL are coordinately expressed in different tissues and in response to wounding and light. In addition, we found that the three cis-acting elements in the P A L and 4CL genes (Logemann et al., 1995) are also found in the C4H gene. However, Logemann et al. (1995) reported that the three regulatory elements were insufficient in parsley for responding to light or to an elicitor and that additional elements might also be involved in the regulation of PAL gene expression. The analysis of the parsley 4CL-1 gene promoter also suggested that different combinations of the cis-acting elements may control expression of the 4CL-2 gene in different organs (Hauffe et al., 1993) . Further investigation is needed to elucidate the mechanisms that operate to control expression of the genes that encode metabolically linked enzymes in such a concerted manner.
